Abstract. Though patients with EGFR mutations are initially responsive to EGFR-tyrosine kinase inhibitors (TKIs), most tumors ultimately acquire resistance to EGFR-TKIs. The most frequently reported mechanism is EGFR T790M mutation. In this study, using a droplet digital PCR (ddPCR) system, we assessed optimal conditions for a mutation detection assay for EGFR T790M obtained from circulating cell-free DNA (cfDNA) in plasma. The advantages of locked nucleic acids (LNA) probe, short amplicon size, and blocking oligo using peptide nucleic acids (PNA) were assessed using control DNAs from cell lines to improve the sensitivity of mutation detection. T790M alleles were then analyzed using ddPCR in 59 plasma samples from 24 NSCLC patients with EGFR mutations, and compared to the T790M status which were determined thorough re-biopsies. The assessment of the optimal assay method revealed that the assay using the short amplicon can efficiently detect more fragmented-DNA. The LNA probe and PNA clamp contributed better separation between positive and negative droplets. This PNA-LNA-ddPCR clamp method can detect mutant alleles in the sample with a mutant allele content of 0.01%. In clinical plasma samples, T790M alleles were detected via ddPCR with a sensitivity of 42.8% and specificity of 97.3%. We established a highly-sensitive detection assay for the T790M allele using the PNA-LNA-ddPCR clamp method. ddPCR is a promising method for detecting non-invasive T790M mutation.
Introduction
Recently, various cancer driver gene mutations have been identified in non-small cell lung cancers (NSCLC), including epidermal growth factor receptor (EGFR), KRAS, HER2, and BRAF mutations (1) . Personalized treatment based on this molecular genetic information showed positive therapeutic effects (2) . EGFR mutations, mostly exon 19 deletions and L858R point mutation in exon 21, are associated with clinical benefits from EGFR tyrosine kinase inhibitors (EGFR-TKIs) (3) . Therefore, somatic mutational analysis has become a routine part of clinical practice and is indispensable for the treatment decisions in NSCLC clinical settings. Though patients with EGFR mutations are initially responsive to EGFR-TKIs, almost all of their tumors ultimately acquire TKI resistance as a result of tumor heterogeneity or clonal evolution (4, 5) . Various mechanisms of resistance to the first generation EGFR-TKIs, including gefitinib and erlotinib, have been identified, and the drugs to overcome resistance have been developed. For example, the most frequently reported mechanism of acquired resistance to EGFR-TKIs is a EGFR T790M point mutation in exon 20, consisting of >50% of these cases (4, 6) . Third-generation EGFR TKIs, including WZ4002, CO-1686, and AZD9291, have been developed and potently appear to inhibit tumors with EGFR activating mutations even in the presence of the T790M mutation (7) . Thus, the importance of T790M mutation detection is increasing in NSCLC treatment. However, the conventional method for mutation detection requires a cancer cell biopsy, which is an invasive procedure and sometimes difficult to perform repeatedly.
Circulating cell-free DNA (cfDNA) has been shown to be released from apoptotic and necrotic cells into the circulation and has been identified in plasma (8) . Recent technological development has demonstrated the potential of molecular genetic profiling from cfDNA. cfDNA has received great attention as one of the critical targets for non-invasive mutation detection (9 Departments of 1 Thoracic Surgery, in the circulation still remains challenging. The detection of cfDNA from tumor cells requires a highly-sensitive assay, because the majority of circulating cfDNA appears to be from normal tissue (10) . Droplet digital PCR (ddPCR) is one of the digital PCR technologies and provides highly-sensitive and absolute quantitative detection of target genes (9) . In ddPCR, template DNA is partitioned into approximately 20,000 droplets in a single reaction well, and then amplified within individual droplets. This approach facilitates the detection and quantification of rare mutants in a background of wild-type alleles, because rare mutant alleles can avoid competition with wild-type ones. However, the optimal method for detecting cfDNA remains debatable.
In this study, we evaluated the optimal method for mutation analysis with EGFR T790M mutation in plasma using a ddPCR system.
Materials and methods
Clinical samples and cell lines. This study was approved by the ethics committee of Okayama university (receipt number: 2220). All patients enrolled in the study provided written informed consent for the use of tissue and blood sample. July 2014 through February 2015, we obtained 7-ml peripheral blood samples using EDTA-2K tubes from two healthy volunteers and 24 lung adenocarcinoma patients with EGFR mutations. These patients had been treated with EGFR-TKI and their EGFR T790M mutational status was examined through re-biopsy as a part of clinical care. Clinical EGFR mutation tests in tissue samples had been performed before entry into the study by an commercial clinical laboratory via mutant-enriched PCR assay using the peptide nucleic acid (PNA)-locked nucleic acids (LNA) PCR clamp method (LSI Medience Corp., Tokyo, Japan) (11, 12) . The approval of the Institutional Review board and informed consent from each patient were obtained. After drawing blood, samples were immediately centrifuged at 2,330 x g for 10 min to collect plasma, and the plasma samples were centrifuged at 16,000 x g for 10 additional min. The supernatants were collected, frozen, and stored at -80˚C. In addition, we used an immortalized normal human bronchial epithelial cell line (HbEC-5KT) harboring the wild-type EGFR gene and the NCI-H1975 cell line (H1975) harboring the EGFR mutations L858R and T790M as negative and positive controls, respectively (13, 14) . HbEC-5KT and H1975 were kindly provided by Dr Adi F. Gazdar (The university of Texas Southwestern Medical Center, Dallas, TX, uSA).
DNA extraction, quantification, and fragmentation. After thawing the frozen plasma samples, DNA was extracted using QIAamp Circulating Nucleic Acid kit (Qiagen, Venlo, The Netherlands), and eluted in 20 µl of the kit's elution buffer. Control DNA from cell lines was extracted using DNeasy blood and Tissue kit (Qiagen) and fragmented through sonication to obtain an average size of 200 bp using Covaris M220 Focused-ultrasonicator (Covaris Inc., Woburn, MA, uSA) to closely mimic cfDNA in plasma (15, 16) . DNA size distribution was analyzed using Agilent 2200 TapeStation (Agilent Technologies, Santa Clara, CA, uSA). Genomic DNA was quantified by Qubit 2.0 Fluorometer and Qubit dsDNA HS or BR assay kit (Thermo Fisher Scientific, Inc., Waltham, MA, uSA).
Primers and probes. The sequences of primers, probes, and blocking oligo used in this study are shown in Table I . S1 and AS1 primers and the M1 probe, which were designed in a previous study, were used as a validated reference assay (9) . The primer melting temperatures (Tm) were calculated using Primer3Plus (http://primer3plus.com/). Probes, including LNA, were designed using IDT biophysics software (http:// biophysics.idtdna.com/) and synthesized by IDT-MbL KK (Nagoya, Japan). The blocking oligo using PNA was synthesized by Fasmac Co., Ltd. (Atsugi, Japan).
Droplet digital PCR assay for EGFR T790M detection.
ddPCR was performed using QX200 Droplet Digital PCR system (Bio-Rad, Hercules, CA, USA). The final volume of the PCR mixture was 20 µl, containing 10 µl of ddPCR Supermix for Probes (No duTP) (bio-Rad), 1 µM of each primer, 0.25 µM of each probe, 200 µM of dNTP, and 5 µl of DNA (from approximately 2 ml of blood sample or control DNA), with or without 5 µM of blocking oligo. The following PCR conditions for ddPCR were used: 1) an initial denaturation step at 95˚C for 10 min followed by 2) 45 cycles at 94˚C for 30 sec, and 3) 45 cycles at 57˚C for 1 min. Each ramp rate was 2˚C per second. Annealing temperatures were optimized by gradient PCR (data not shown). PCR products were then subjected to analysis by the QX-200 droplet reader and QuantaSoft analysis software (bio-Rad). Assays were considered positive if >3 droplets were over the threshold fluorescence of 8,000. The fluorescence threshold and cut off number for mutation detection were determined by assessing these data using positive and negative control DNA from cell lines.
Statistical analysis. The concentrations of target alleles were calculated using QuantaSoft software 9.2.1 (bio-Rad) based on Poisson distribution.
Results
The size of circulating cell-free DNA. The size distribution of cfDNA extracted from healthy donors and lung cancer patients was assessed (Fig. 1A) . It showed similar distribution patterns between healthy donors and lung cancer patients, and two peaks were identified in both sets of patients. The first peak was distributed from 128 to 168 bp (median, 158 bp), and the 2nd peak was distributed from 526 to 797 bp (median: 681 bp). Next, we prepared control cfDNA mimic samples through sonication to evaluate the method of highlysensitive detection with focus on cfDNA; the size of the samples was then confirmed. After sonication, the genomic DNA samples were fragmented to an average size of approximately 200 bp (Fig. 1b) .
The effect of LNA probe to suppress the fluorescence intensity of negative droplets. To examine the advantage of using the LNA probe, ddPCR was performed using different probes consisting of a regular oligonucleotide probe (M1) and an LNA probe (M2) and the same primers (S1 and AS1). These probes were designed to display similar Tms, and were based either on regular oligonucleotides or LNA. The match-mismatch Tm difference of the regular oligonucleotides and LNA probes were 5.6˚C and 11.4˚C, respectively. As shown in Fig. 2A , the fluorescence intensity of negative droplets was suppressed in the LNA The size distribution of cfDNA in plasma extracted from lung cancer patients and healthy donors were analyzed using Agilent 2200 TapeStation. Normalization was performed using two internal markers, visible as high, narrow amplitudes at 25 and 1,500 bp, respectively. (b) The genomic DNAs from cell lines, HbEC-5KT and H1975, were extracted and fragmented to an average size of approximately 200 bp by sonication. DNA size distribution was then subjected to be analyzed using Agilent 2200 TapeStation. probe group compared with the regular oligonucleotide probe group in HbEC-5KT cells as negative controls. In H1975 cells, the negative droplet suppression by the LNA probe contributed to better separation between both positive and negative droplet clusters. These results suggest that the LNA probe displayed an improvement in mismatch discrimination, which was thought to possibly result in better specificity.
Improvement in the detection of cfDNA with short-size amplicon. Next, we assessed the amplicon size for better detection of cfDNA. Since cfDNA is highly fragmented, we hypothesized that ddPCR with a short-size amplicon improves the detection efficiency of cfDNA. We designed new primers (S2 and AS2), the amplicon size of which was 43 bp, whereas the amplicon size of the validated reference primers (S1 and AS1) was 93 bp. ddPCR was performed using either of the two primer sets and the same LNA probe (M2). The template DNA from either HbEC-5KT or H1975 was fragmented through sonication to approximately 200 bp as previously mentioned. The use of a short-size amplicon led to approximately a 1.6-fold increase in the number of detected positive droplets (Fig. 2B) . On the other hand, there were no significant differences in the number of false positive droplets between the two primer sets. This approach with short-size amplicon may be useful to increase cfDNA detection sensitivity because cfDNA is highly fragmented.
Enrichment of the PCR efficiency of targeted mutation alleles
with PNA clamping method. Since plasma cfDNA contains abundant cfDNA released from normal cells, a highly-sensitive method which enables mutations to be selectively enriched in a large background of wild-type alleles is preferable. We prepared a blocking oligo using PNA to suppress PCR amplification of the wild-type alleles and 100 ng diluted DNA mixture with a mutant content of only 1% was analyzed with or without the PNA clamp. The median positive droplet fluorescence intensity was increased in the group with the PNA clamp compared to the one without the clamp, which resulted in better separation between positive and negative droplets clusters. The use of the PNA clamp led to approximately a 1.5-fold increase in the number of detected positive droplets (Fig. 2C ). This approach appeared to enhance PCR efficiency for T790M alleles by blocking the amplification of wild-type alleles.
Detection limit and quantitative ability of ddPCR for EGFR T790M detection.
The detection limit and quantitative ability of this assay were determined using serially diluted DNA Figure 2 . The optimization of mutation analysis in plasma samples using droplet digital PCR (ddPCR) system. (A) Control DNA of HbEC-5KT cells harboring the wild-type EGFR and H1975 cells harboring the EGFR mutations L858R and T790M was analyzed by ddPCR assay using regular oligonucleotide probe versus LNA probe. The fluorescence intensity of each droplet is shown. (B) The fragmented template DNA of HBEC-5KT and H1975 was analyzed by ddPCR assay using either of two primer sets, of which amplicon size was 43 bp versus 92 bp. Threshold fluorescence was set at 4,000 for long amplicon and 8,000 for short amplicon, respectively, and the number of positive droplets were counted. (C) Diluted DNA mixture (100 ng) with a mutant content of only 1% were analyzed with or without the PNA clamp. Threshold fluorescence was set at 8,000, and the number of positive droplets were counted. mixtures of H1975 and HbEC-5KT. In total, 50 ng of template DNA was used for this assay, and ddPCR was performed using LNA probe (M2), short amplicon primers (S2 and AS2), and a PNA clamp. Results indicated that the PNA-LNA-ddPCR clamp method can detect mutant alleles in the sample with a mutant content of 0.01%, and the concentration of detectedmutant alleles correlated with the applied control DNA mixture concentrations in a linear fashion (R 2 =0.997) (Fig. 3) .
EGFR T790M detection and monitoring in clinical plasma
samples. We examined T790M mutation by ddPCR using the PNA-LNA-ddPCR clamp method for clinical plasma samples. The patient characteristics are shown in Table II . All patients had EGFR-mutant NSCLC and had received treatment with an EGFR-TKI, and 9 patients were positive for T790M in tumor re-biopsy. Of the 59 clinical plasma samples, T790M alleles were detected via ddPCR in 10 samples. As 21 of 59 plasma samples were collected from 9 patients with T790M positive in re-biopsy sample, the sensitivity of ddPCR was 42.8%. Among 10 positive samples in the ddPCR assay, nine were concordant with the T790M mutational status of the re-biopsy samples, and one was disconcordant. ddPCR specificity was determined as 97.3%. Results are summarized in Table III .
In patients diagnosed as T790M-positive in plasma, one patient was enrolled in this study before treatment with thirdgeneration EGFR-TKI after acquiring gefitinib resistance. We compared cfDNA T790M mutant alleles in pre-versus post-treatment plasma (Fig. 4) . It revealed that the number of T790M alleles from plasma cfDNA rapidly decreased after third-generation EGFR-TKI treatment. This decline in plasma cfDNA was consistent with the computed tomography (CT) images. Six weeks after the administration of third-generation EGFR-TKI treatment, contrast-enhanced CT examination revealed that the primary tumor in the left lower lobe of the lung and mediastinal lymph nodes had significantly shrunk.
Discussion
The emergence of a non-invasive mutational analysis using cfDNA enables both repetitive disease assessment and monitoring. However, mutation detection still remains challenging because circulating bloodstream cfDNA derived from tumor tissue is highly fragmented, yields small quantities, and presents at very low allelic frequencies in abundant cfDNA released from normal cells in nature (10, 17) . To overcome these difficulties, in this study, we assessed the optimal approach using ddPCR for mutation detection from plasma cfDNA. In this study, the median cfDNA concentration from lung cancer patients was 1.4 ng/µl, and the total amount in single 7 ml peripheral blood samples was only approximately 28 ng, which equates to 8,400 copies of human haploid genomic equivalents. Therefore, without consideration of copy number gain of mutant alleles, the theoretical mutation detection limit for cfDNA in one blood sample shows a sensitivity of 0.012%, indicating one mutant allele in a background of 8,400 wild-type alleles.
Moreover, amplicon size is also a principal issue for mutation analysis of cfDNA in plasma samples, because cfDNA has been shown to be highly fragmented after nucleosomal cleavage in apoptosis (17) . As for cell-free fetal DNA, Sikora et al reported that a real-time PCR assay with the 50 bp amplicon was able to detect 1.6-fold more cell-free fetal DNA than the conventional real-time PCR assay with a longer amplicon (18) . We confirmed that the assay with the 42 bp amplicon was able to detect 1.6-fold more fragmented template DNA when compared with the assay for the 93 bp amplicon. Our results in this study were consistent with previous results. This approach may be useful for all assays in which target DNA is fragmented, including DNA from formalin-fixed paraffin-embedded materials.
One of the advantages of digital PCR is the partitioning of competing backgrounds of wild-type alleles, leading to decrease in their PCR inhibitory effects and improvements in detection sensitivity (19) . However, when DNA mixtures of positive and negative controls were subjected to ddPCR assay, some components, possibly false negatives, distributed between positive and negative clusters. The fluorescent signal was higher than that of negative clusters, but showed a weak signal when compared with positive clusters. We hypothesized that one of the reasons for these false negative droplets was PCR inhibitory effects because of a pool of wild-type alleles. PNA is resistant to the 5' nuclease activity of Taq DNA polymerase, leading to a PNA oligo with a superior clamp primer for inhibiting PCR amplification of wild-type sequences. Nagai et al reported that an EGFR mutation detection system using PNA-clamping PCR with a melting curve analysis can detect EGFR mutations in the presence of 100-to 1,000-fold background of wild-type EGFR (11) . In this study, we showed that the PNA clamping method in ddPCR also enriched the PCR efficiency of targeted mutation alleles. These strategies resulted in highly-sensitive ddPCR assay that enables detection of one mutant allele in the presence of 10,000 background wildtype alleles. A potential disadvantage of the PNA clamping PCR is that the mutant frequency cannot be measured because of the suppression of a wild-type allele control by PNA clamping. However, ddPCR can provide absolute quantitation of target sequences in the loaded DNA sample, and the levels of plasma DNA concentrations in cancer patients is known to be associated with tumor burden and malignant progression (15) . Therefore, the number of mutant fragments in the loaded DNA sample are also deemed to represent the tumor biology, same as mutant frequency.
Of the 59 clinical plasma samples, T790M alleles in 10 samples were successfully detected by ddPCR. The sensitivity of ddPCR was 42.8%, and the specificity was 97.3% when referred to that of diagnostic tissue biopsies determined by clinical routine analysis using the PNA-LNA PCR clamp method. In 12 plasma samples, our assay could not identify the T790M mutation that had been detected in the corresponding biopsy samples, and in one plasma sample, the T790M mutation was identified only in the plasma sample. However, the limitation of this study can be identified. The plasma samples were obtained at different times from the tissue re-biopsy tests. The median time interval between plasma collection and re-biopsy test was 12.5 months. Therefore, we have to consider these different timings of sample collections and heterogeneity of tumor cells, and the discrepancy between the two results could be because of biology and not technological capability. Every mutation may not necessarily be represented in a patient's circulation system. Furthermore, the amount of template DNA is also a critical factor for detection of rare mutations from blood samples. Even though the assay can achieve a better sensitivity of 0.01%, one in 10,000 alleles, it is impossible to maximize its ability without applying >10,000 alleles. However, in practice, it is often difficult to apply 10,000 alleles because of the limitation of blood sampling volume. Recently, a BRAF mutation detection system using cfDNA from urine samples was reported (20, 21) . In these studies, 60-120 ml of urine was collected for a urinary cfDNA assay. urine sampling is less invasive and more suitable for repeated and large volume sampling than blood, which may solve the problem with small template DNA amounts.
In conclusion, we showed that the use of a short-size amplicon, LNA probe, and PNA blocker improve the sensitivity of a mutation detection for cfDNA samples. ddPCR is a promising method for non-invasive T790M mutation detection.
